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ABSTRACT 
In this study, the deformation mechanisms of bulk metallic glass (BMG) foam with 
around 49% porosity were investigated by using X-Ray Computed Tomography (CT) 
technique. X-Ray CT experiments were conducted at ESRF Synchrotron Source, Grenoble, 
France where the in-situ compression testing is possible. The collected CT images were 
digitally enhanced and the volumetric strain of the foam cells was calculated. The visual 
analysis of the foam cells was compared with a finite element model to determine whether 
the foam exhibited any pressure sensitivity. 
The sample experiences uniform local deformation under compression until a few 
geometric instabilities in the foam induce local cell bending, followed by multiple shear band 
formation and localized fracture.  Contrary to other reports [1, 2] that suggest plastic 
buckling in a single narrow crushing band, the majority of the strain the 49% porous sample 
experiences is from a percolating diffuse brittle crushing along shear bands of the sample.  
Reports of highly porous samples show a more ductile behavior in individual ligaments 
because of multiple shear band formation, but commonly fail along a relatively narrow 
(crushing) band.  In moderate porosity foams, this ductility of thin ligaments was rarely 
observed to occur locally, but before a single crushing band can form, shear bands within 
highly stressed solid regions propagate until fracture with a similar behavior of a solid 
sample with very little porosity.  However, once the crack encounters another bubble while 
propagating, it is temporarily blunted by the formation of more shear bands.  During this 
phase, the energy of the system is relieved and redirected to different parts of the foam. 
Overall, there is a percolating failure of the foam due to relatively rare membrane bending 
followed by local membrane bursting and cracking into highly stressed nearby solid portions.  
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By considering this failure mechanism, metallic glass foams with moderate porosity 
understandably contain deformation characteristics of solid BMG brittle failure and the 
plasticity of thin plates/BMG foams with high porosity. 
 Finite element modeling of a 2D cross-section shows that the foams exhibit less 
overall pressure sensitivity compared to a solid sample. FEM results showed that for pressure 
insensitive foam material, plastic hinge formation has preceded thin ligament buckling. By 
increasing the pressure sensitivity index (friction angle), thin ligament buckling is delayed. 
The FEM results corroborate with the observed cell ligament failure at about 45
o
 from of the 
ligament axis. It is speculated that the dominated failure mode is by initiation and 
propagation of shear bands that eventually nucleate mode II cracks. 
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CHAPTER 1. INTRODUCTION 
 
1.1 BACKGROUND OF BULK METALLIC GLASS 
Bulk Metallic Glasses (BMGs) are promising materials with superior mechanical 
properties compared to most structural materials.  BMGs can be obtained by heating to high 
temperatures and cooling rapidly to prevent the crystallization.  Due to extremely high 
cooling rates, the first amorphous metals were formed as thin sheets.  Once scientists learned 
certain alloys have much lower critical cool rates, critical diameters increased from less than 
a millimeter to tens of centimeters [3].  These new bulk metallic glasses allowed additional 
processing, tests, and applications that were not possible before.  BMGs have excellent 
mechanical properties with Young’s modulus on the order of 100 GPa [4], yield strength 
from ~2 GPa [5] to up to 5 GPa, a large elastic-strain limit at around 2%, and decent fatigue 
properties [6].  The major limitations of BMGs are their poor ductility in uniaxial 
deformation, with typical results of less than 0.5% in compression, and approximately none 
in tension [7]. 
Because of their amorphous nature, metallic glasses cannot form dislocations to 
relieve stress and yield plastically like traditional metals.  The only plastic deformation 
mechanism they have is shear band formation and interaction.  Solid BMG samples in 
unconstrained uni-axial tension or compression have been known to show strain softening 
and abrupt catastrophic failure associated with the propagation of a single shear band [8]. To 
date, a couple alloys of BMG have been created where a monolithic sample with a diameter 
of several millimeters have shown plasticity in uni-axial deformation; these were attributed to 
a very high Poisson’s ratio [9,10].  Other BMG alloys with lower Poisson’s ratios having 
constrained geometries, however, have shown some plasticity in compression [6]. 
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Several methods have been developed to improve the ductility of amorphous metals.  
Among these methods, the most common one is to disperse a ductile crystalline phase into 
the BMG, either a ductile foreign material or by selectively crystallizing the compound [11].  
Another common method is to introduce porosity to the BMG so that it will experience 
constrained compression. Details of both these techniques will be discussed in the following 
section. 
 
1.2 METALLIC GLASS FOAMS AND THIN SECTIONS REVIEW 
One of the common methods to improve the ductility of BMG is to introduce porosity 
or foaming the metallic glass so it will be in constrained compression. Foams have a low 
density, which is beneficial in some applications and can also be used in energy absorption 
applications.  But the primary purpose of using a non-dense BMG is to hinder the unstable 
and catastrophic propagation of shear bands.  This is accomplished with either shear-band 
disruption or shear-band stabilization.  Shear-band disruption induced by porosity can 
deflect, nucleate, branch or even halt shear bands when their paths cross, or form local stress 
fields that remove the driving force for propagation.  Pores can also act as blunt cracks, 
which in amorphous metals, nucleates multiple shear banding along the large crack-tip radii.  
In foams with a porosity exceeding 40%, the thin strut architecture allows shear-band 
stabilization to occur as well.  As strut thickness decreases, the shear bands develop in a 
shallower pattern.  This means each individual band is responsible for relaxing the stress 
from a smaller volume of metallic glass and there is a higher density of bands able to form, 
increasing the overall plastic strain.  Shallower bands also produce smaller shear offsets on a 
surface, reducing the probability of nucleating a crack [12]. 
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Shear band stabilization was demonstrated by the bending of thin plates of BMG, 
which found that shear band spacing, length and shear offsets scale with plate thickness 
[13,14].  Shallower spacing means each individual band is responsible for relaxing the stress 
from a smaller volume of metallic glass and there is a higher density of bands able to form, 
increasing the overall plastic strain [12]. 
Both open and closed-cell foams have been produced in various BMG alloys (Ti-, Ni-
, Cu-, La-, Pd-, Mg-, Fe- and Zr-based) [7, 12].  Closed-cell foams have been created by 
mixing the molten BMG compound with hydrated B2O3 [2,15] or an appropriate metal 
hydride to form hydrogen bubbles [16]; by holding it under pressurized hydrogen [17]; or by 
infiltration of the melt between packed hollow carbon microspheres [18].  While open-celled 
foams have been made by pouring the molten BMG compound between packed NaCl or 
BaF2 salt crystals and leaching the salt out with a water or acid solution [19]; or powder 
consolidation methods [7].  Even more controlled open-cell structures and complex shapes 
can be made via micro-molding a BMG using sacrificial stackable silicon wafers etched with 
conventional lithography techniques and then removing the wafers in a KOH bath [20].   
Studies on both high and low porosity foams have found plasticity improvements from shear 
bands interacting with the pores [2,5,7,8,12,15,17,18,19,21].  Some studies on high porosity 
foam have proposed that plasticity is propagated by recurring non-catastrophic crushing 
events associated with the formation of collapse bands through the foam structure.   Eularian 
buckling was found to occur in foam ligaments of a critical aspect ratio, which implied that 
struts (of the Pd-based foam) having an aspect ratio greater than 24 would be unstable against 
buckling.  A cooperative yielding model was used to calculate when this collapse band would 
form [1,2]. 
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CHAPTER 2.  EXPERIMENTAL ANALYSIS OF DEFORMATION 
BEHAVIOR OF METALLIC GLASS FOAM UNDER COMPRESSION 
 
The x-ray computed tomography (CT) experiments were taken at the European 
Synchrotron Radiation Facility (ESRF) on a compression sample of Pd43Ni10Cu27P20 foam.  
Pd43Ni10Cu27P20 metallic glass was used in the experiment because it is chemically inert and 
thermodynamically stable during foam synthesis and it has one of the best glass-forming 
abilities of any metallic glass alloy [2].  BMG foam was chosen for tomographic analysis in 
order to characterize its deformation characteristics during insitu compression.  The results of 
the present study can be used to design BMGs with better structural stability and ductility for 
future structural applications.  
 
2.1 PROCESSING OF METALLIC GLASS FOAM 
 
  Pd43Ni10Cu27P20 alloy was prepared by induction melting of 99.9% Pure Pd, Ni, and 
Cu, with 99.9999% pure P mixed and melted into the final alloy in a hermetically sealed 
quartz tube.  The foam was produced by a two step refined-beta foam method, as shown in 
Figure 2.1 [2].  A foam precursor with 25% porosity was prepared by sealing the 
Pd43Ni10Cu27P20 alloy with a blowing agent containing hydrated boron oxide powder and 
heating to 1175 K for 10 minutes under an argon atmosphere where a large number of water-
vapor bubbles are released from the blowing agent, followed by water quenching.  Final 
expansion was accomplished by letting the prefoam equilibrate to a supercooled liquid state 
at 635 K, then reducing pressure to 10
-3
 mbar so that the bubbles in the precursor grow.  A 
final porosity of 49% was accomplished by allowing expansion to proceed for 120 seconds, 
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followed by another water quench to render the foam amorphous.  Longer expansion times 
yielded higher porosity levels.  Porosity was measured by the Archimedes method.  Thermal 
analysis was performed on a Perkin Elmer DSC 7 and a Netzsh Pegasus DSC 404C to 
confirm the amorphous nature of the foam [2]. 
 
Figure 2.1 A TTT diagram of Pd-based BMG beta-foam production.  Symbols lT , xT  
and gT  denote liquidus, crystallization, and glass transition temperatures.  Figure from 
Veazey [2] 
 
The final microstructure shows spatial homogeneity and uniformity in bubble size, 
which is attributable to the high viscosity during foaming which enhances foaming 
controllability.  Foaming evolved by growth of mostly spherically symmetric pores towards a 
critical porosity limit, beyond which foaming progressed by plastic stretching of intracellular 
membranes and led to final polyhedral bubble shapes separated by micro-membranes 
exhibiting random orientations and aspect ratios, as shown in Figure 2.2 [22].  Amorphous 
metals are able to develop this random structural network on account of their ability to be 
deformed superplastically in their supercooled liquid state. [2] 
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Figure 2.2 Optical micrographs of the sectioned 25% porosity foam precursor (a) at 
low and (b) high magnification; and of the 49% porosity foam (c) at low and (d) high 
magnification.  Figures from Veazey thesis [2]. 
 
2.2 MICROTOMOGRAPHY EXPERIMENTS 
A 49% porous Pd43Ni10Cu27P20  foam was machined to a compression tapered test 
specimen with the cross-section polished to make it circular.  The gauge section had a 
diameter and height of 1.32 and 3.12 mm, respectively.  The High Energy Beamline ID15A 
at the European Synchrotron Radiation Facility (ESRF) was used for an insitu compression 
loading and microtomography experiment.  The CCD camera yields an image size of 
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1024x1024 pixels of 14 x 14 µm
2
 size each.  To get higher resolution, an optical 
magnification lens was used to increase the pixel resolution to 1.4 x 1.4 µm
2
 [23]. 
Because of the high data output rate during tomography experiment, the CT images 
were temporarily stored to a supercomputer available at the beamline and final data 
conversion process was performed later at the end of the experiment. Unfortunately, the total 
data collected during the experiment wasn’t recovered due to unexpected hard disk failure.   
Meanwhile, the recovered data had enough information to get a concrete conclusion from the 
experiment. 
 A cylindrical loading fixture was employed for the insitu microtomography and 
compression experiments.  It had a plastic case with low X-ray absorption necessary for the 
180 degree tomography rotations, and a ram with constant moving capability in the range of 
1-100 µm/min and a maximum compression loading capacity of 7.5 kN in compression.  A 
ramp displacement rate of 10 µm/min was applied in the present experiment, yielding a 
nominal strain rate of ~2x10
-5
 s
-1
. Displacement and load readings were recorded from the 
load cell only at certain loads.  At each tomography scan, the sample was rotated with 0.2° 
steps and the sample was exposed to x-rays.  900 rotations per tomography were taken, or 
one radiograph for every 0.2 degrees for a total of 180 degrees.  Strains were estimated from 
an LVDT attached to the crosshead.  The strain data were corrected for load cell compliance. 
The X-ray beam was focused on the sample so the entire sample cross-section was 
centered to rotate within a volume of 1012x1012x826 cubic pixels.  However, this is not 
large enough to image the entire height of the sample at once, so an upper and lower scan 
was performed at each load.  Because of data availability and size, in the present study the 
analysis was performed only on the upper section (1.32 mm of gauge height.) 
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2.3 MICROTOMOGRAPHY DATA ANALYSIS 
X-ray CT images taken at ESRF were originally in a “.stck” format of stacked 2D 
slices.  These slices, or horizontal cross-sections of the foam perpendicular to the loading 
direction, were recorded as 100 slice groups and preliminary viewing was done in 3D 
Visualization Tool, version 1.8 [24].  Because of the availability of 3D Visualization Tool 
software from Iowa State’s Center for Nondestructive Evaluation, the data was converted to a 
different stacked slices format, “.vol”.  3D Visualization Tool was used for preliminary 
viewing of portions of the upper foam sample at each load.  The 100 slice files were 
combined to yield a single view of all 826 vertical slices.  However, because the file size of 
this full view was over 4GB, computer memory limitations did not permit to open the entire 
file at once in order to examine the full cross-section in the vertical (compression) direction.  
A script was written to flip the x and z direction of the full stacked slices “.vol” data so that a 
smaller subset of the data that included the entire vertical cross-section could be opened into 
memory in 3D Visualization Tool.  Once the data was converted, vertical cross-sections in 
the middle of the foam were analyzed for their mechanical compression behavior. 
 In order to get quantitative strain data from the program, the volumetric strain at each 
load was calculated.  A similar concept of using in-situ tomography data to track strain in the 
ligaments of bone [25], polymer [26], or metallic glass foam had been employed via the 
generalized interpolation material point (GIMP) method [27].  In the present study, 
individual bubble volumetric strain rather than ligament strain was deemed of interest in 
order to determine if bubble collapse in certain areas was a major portion of the deformation 
behavior.  Horizontal slices were outputted to “.bmp” images for further analysis in a 
program called Avizo [28].  Avizo was used for 3D data visualization, processing and 
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analysis abilities to distinguish the different bubbles of the foam and track the volume 
changes over the increasing compressive load.  This information would yield an approximate 
volumetric strain of the foam. 
A thin 3D segment of the sample height was tracked between the different loads for 
changes in individual bubble size.  The same bubbles were tracked in order to look for 
compaction bands and the onset of plasticity.  Data size and data availability were the reasons 
for the selected sample size and location.  Because of compaction of the sample and parts of 
it moving into and out of the field of view, only the overlapping region of up to 286 slices 
(approximately 0.4 mm) of height, along with the full diameter, were chosen for further 
analysis. 
 However, the data had too low a noise-to-signal ratio to apply a simple threshold 
function to distinguish the solid metallic glass matrix and the empty bubbles.  A script was 
written in MATLAB to improve the resolution, separation, and distinction between solid and 
pores.  The script written is available in Appendix A. 
 Once X-ray CT images were converted to a format with an efficient background 
correction in MATLAB [29], where only bubbles are visible, the selected area of each load 
was imported into Avizo.  Further processing was accomplished in Avizo using the XQuant 
Pack.  The inverted foam image underwent a watershed operation in order to further separate 
bubbles that were not achievable in MATLAB.  This process was done because it was 
determined during visual analysis that most of the thinnest boundary ligaments in the foam 
were still intact at the beginning of the compression loads.  A borderkill operation was then 
carried out to remove bubbles from that analysis that were partially cut off by the edge of the 
selected view.  Partial bubbles would have been useless in determining an accurate volume 
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change of the selected region because of slight shifting during compression.  A basic 
statistical analysis was then performed to identify separate bubbles and to determine the 
centroid location and volume of each.  This information yielded upwards of 800 separate 
bubbles.  This process was repeated to get the information for several compression load 
levels, including loads 3, 4, 5, 6, 7, 9, 11, 12, 13, 15, 16, 18 and 20, whose locations are 
shown in Figure 2.3. 
 In order to correctly track the volume change of each individual bubble, all bubbles 
had to be identified and tracked as a function of load.  A program was written to match the 
bubbles of a given load back to that of the first load examined, load 3.  Matching criteria was 
performed based on the 3D location of their centroid, where a tolerance was given separately 
to the x, y, and z directions to get a good match. A good match for the x and y directions was 
plus or minus 40 pixels from the centroid location of each bubble, while the z direction had a 
larger tolerance of 50 to take into account the manual field of view selection and 
compression of the sample region. 
 
2.4 RESULTS 
2.4.1 Visual Qualitative Results 
 
The readings taken from the load cell and LVDT were zeroed and converted to 
overall engineering stress and strain, as plotted in Figure 2.3.  Unfortunately, because data 
was only taken during specific steps or load points, the loads were recorded in a stepwise 
fashion and no information is available between the load steps.  Other data sets, specifically 
loads 8, 10, 17, 19, 21, and 23, were lost because of the aforementioned computer memory 
problem during data acquisition.  Finally, tomography data for loads 1, 2, and 22, 24, and 
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half of load 20 were lost during final transportation of the data.  Thankfully, preliminary 
images had been taken of loads 20, 22, and 24 before they were lost.  Because of the missing 
data, all analysis was performed by taking load 3 as reference (which had an actual stress of 
~20MPa and strain of ~7x10
-3
). 
Small drops in stress values were observed at each compressive loading steps due to a 
possible relaxation in sample and fixture during the X-ray CT scans.  It was noted that there 
were drops in stress of varying magnitudes between or even during several of the loading 
steps.  The first minor load drops occurred as early as between loads 5 and 6 (~1.8 and 3.2% 
strain), where a drop of ~10 and 30 N was noted, respectively.  There were no noted load 
drops again until load 15 (~6% strain), after which there were several, almost periodic minor 
drops through load 16 (~6.7% strain), a major drop before load 18 (~7.8% strain), minor 
drops through load 20 (~9.6% strain), and another major drop (and minor drops) before the 
final load 022 (~11.6% strain).  After unloading occurred, there was permanent plastic strain 
of about 9.4% strain. However, the sample seemed to be intact and did not externally appear 
fractured. 
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Figure 2.3 Compressive engineering stress vs. strain of the sample, as measured 
manually in a displacement controlled device.  Locations where the loading was halted for 
measurement and tomography are marked and labeled.  The line is merely for guidance of the 
general shape of the curve, as load variation occurred between the measured points.   
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Figure 2.4 A vertical cross-section of a 49% porous BMG foam at (a) load 3 (~20 
MPa) and (b) load 5 (~38 MPa).  The box indicates the area that was sampled for further 
volumetric strain analysis. 
(b) 
(a) 
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Figure 2.5 A vertical cross-section of a 49% porous BMG foam at (a) load 7 (~67 
MPa) and (b) load 13 (~168 MPa).  The box indicates the area that was sampled for further 
volumetric strain analysis. 
(b) 
(a) 
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Figure 2.6 A vertical cross-section of a 49% porous BMG foam at (a) load 15 (~280 
MPa) and (b) load 16 (~300 MPa). The box indicates the area that was sampled for 
volumetric strain analysis.  The circle in (a) indicates the first ligament in this cross-section 
that has fractured, while the circle in (b) highlights propagation of damage to nearby cells. 
(b) 
(a) 
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Figure 2.7 A vertical cross-section of a 49% porous BMG foam at (a) load 18 (~197 
MPa) and (b) load 20 (~231 MPa). The box indicates the area that was sampled for 
volumetric strain analysis.  Brittle vertical cracking begins to permeate the sample. 
(b) 
(a) 
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Figure 2.8  A vertical cross-section of a 49% porous BMG foam at (a) the highest 
load, 22 (~185 MPa), and (b) load 24 (~10 MPa), which is unloaded. 
 
(b) 
(a) 
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The stress vs. strain plots from the deformation regions shown in Figure 2.3 can be 
split into several groups.  The deformation effects in each group are shown visually in 
Figures 2.4-2.8 for a certain vertical cross-section.  From zero to ~0.7% strain (loads 0-3) the 
sample deforms in a linear elastic and uniform manner.  From ~1-4% strain (loads 3-7), a 
stress plateau occurs, due a reason to be discussed later.  Within 4-6% strain, the material 
continues to deform uniformly on the global scale.  Membrane fracture events begin around 
6% strain (load 15).  Nearby cells begin to crack through both the thin ligaments and thick 
sections.  This fracture process percolates through the entire upper section of the foam, 
leaving the lower half of the gauge section relatively undamaged.  Unloading occurred at 
~11.6% strain (loads 22-24), yielding ~9.4% plastic strain damage and ~1.8% elastic 
recovery.  This elastic strain limit is coincident with that of solid bulk metallic glass samples.  
There was no catastrophic failure that necessitated unloading at 12% strain, suggesting a 
higher total plasticity had been loaded further. 
 
2.4.2 Volumetric Strain Results 
 
Local volume changes were measured in Avizo to track the strain of individual 
bubbles as well as to determine the load where a localized region or “crushing band” 
occurred (if it did).  Various reconstructed tomography 3D views of the upper section of the 
foam at load 3 are shown in Figure 2.9.  They elucidate the range of bubble sizes and closed-
cell nature of the foam, with even the outer surface membranes apparently mostly intact. 
The uppermost 0.4 mm of the foam was taken for further analysis.  3D images were 
created after accepting the pre-processed 2D images from Matlab and performing a further 
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threshold, watershed, borderkill, and label operation.  The end result is Figure 2.10a with 
separated bubbles with a volume statistic for each, and Figure2.10b which removes all 
bubbles with less than 200,000 voxels for analysis.  Individual bubbles are assigned different 
colors (though there are some repeated colors.)  After running through a matching program, 
the compressive volumetric strain was calculated via the equation: 
( ) 33 VVVStrainVolumetriceCompressiv c−=   (2.1) 
where V3 is the volume (in voxels) of the bubble and Vc is the volume (in voxels) at the load 
in question.  This is contradictory to normal strain convention where compressive strain is 
negative.  Around 50 centroid matches were found for the earlier loads, with less matches 
being made at the higher loads when the sample cracked and some bubbles combined, 
moving their centroids out of the matching tolerance.  The raw data matches that were made 
for all the measured loads for bubbles with volumes of 200,000 voxels or more is listed in 
Appendix B. 
There was a wide distribution of bubble diameters, spread from several µm to over 
200 µm.  Rather than a normal distribution, there appeared to be a greater occurrence of 
bubbles of smaller size.  This was confirmed both from a visual assay and from calculating 
the theoretical diameter of the bubble from the calculated volume, assuming a spherical 
shape.  Even though the bubbles are definitely not perfectly spherical in their measurements, 
they generally do not appear stretched or elongated along a certain axis.  
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 Figure 2.9 Various reconstructed image visualizations of the upper section of the 
foam at load 3 made in Avizo.  The program singled out individual bubbles and calculated 
the number of voxels in each. 
 
Ligament or membrane thickness had an even greater and non-uniform range of size, 
which had a great effect on the load-bearing properties of the foam.  Ligaments thickness was 
constrained by nearby bubbles that grew and impinged on each other.  If there was no 
impingement, the thickness was essentially a solid block of BMG of up to a couple hundred 
micrometers, but most bubbles impinged on one another at least in one location, if not more.  
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The smallest detectable (and intact) values for cell wall (or ligament) thickness, t, were about 
3 pixels, or 4.2 micrometers.  Avizo was used to get the average bubble size and a line-based 
method to get the average ligament thickness. 
 
 
Figure 2.10 Avizo images of the selected 0.4 mm region of the foam for further 
analysis.  The image was created after accepting the pre-processed 2D images from Matlab 
and performing a further threshold, watershed, borderkill, and label operations.  The end 
result is separated bubbles with volume statistics for each (a) at load 9; and (b) load 11 after 
removing all bubbles with less than 200,000 voxels during analysis.  Individual bubbles are 
assigned different colors (though there are some repeated colors.) 
 
 
2.5 DISCUSSION 
Volumetric strain experienced by individual bubbles is plotted in Figure 2.11 for 
easier comparison.   The graphs were flattened from 3D images into circles at the x-y 
centroid location of the original bubble of the 0.4 mm chosen region.  For reference, Figure 
2.11a is the 3D cross-section showing which bubbles were analyzed for volumetric strain.  A 
progression of compressive volumetric strain charts are shown at select loads for bubbles 
with a volume of over 200,000 voxels.  Colors match the same bubble between different 
(a) (b) 
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loads, while replacing the original color with white means that bubble experienced artificial 
growth instead of compression.  Bubbles that went from the graphs at higher loads failed to 
be matched, most likely because they combined with another bubble. 
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Figure 2.11 Volumetric strain experienced by individual bubbles and graphically 
plotted as circles scaled by area at the centroid location of the original bubble.  (a) For 
reference, the 3D cross-section showing which bubbles were analyzed for volumetric strain.  
The rest of the images are a progression of compressive volumetric strain for (b) load 11, (c) 
load 15, (d) load 16, (e) load 18, and (f) load 20.  Only bubbles that had a volume of over 
200,000 voxels are shown.  Colors match bubbles between different loads, while white 
circles mean that bubble experienced artificial growth.  There is no apparent change in 
volumetric strain until load 15, when a series of bubbles across the middle of the sample 
experience increases in strain, most likely from fracture.  As loading continues, strain 
increases grow and spread to nearby bubbles. Bubbles that went missing failed to be 
matched, most likely because they fractured and combined with another bubble.  
(b) (a) 
= 20% volumetric strain 
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Figure 2.11 continued. Volumetric strain experienced by individual bubbles and 
graphically plotted as circles scaled by area at the centroid location of the original bubble.  
(a) For reference, the 3D cross-section showing which bubbles were analyzed for volumetric 
strain.  The rest of the images are a progression of compressive volumetric strain for (b) load 
11, (c) load 15, (d) load 16, (e) load 18, and (f) load 20.  Only bubbles that had a volume of 
over 200,000 voxels are shown.  Colors match bubbles between different loads, while white 
circles mean that bubble experienced artificial growth.  There is no apparent change in 
volumetric strain until load 15, when a series of bubbles across the middle of the sample 
experience increases in strain, most likely from fracture.  As loading continues, strain 
increases grow and spread to nearby bubbles. Bubbles that went missing failed to be 
matched, most likely because they fractured and combined with another bubble.   
(e) (f) 
= 20% volumetric strain 
(d) (c) 
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Variability in the presented results is a significant problem, so it is important to 
understand what causes the variable strain results.  Reviewing the data presented in Appendix 
B, only one large bubble appears to undergo strain early on (and indeed was the only bubble 
to undergo large ~20% strain as early as load 4). Further analysis found this was a case of 
poor image resolution/signal-to-noise ratio, where the watershed function failed to divide two 
bubbles at load 3, but did for the rest of the loads.  Because of this, the bubble was excluded 
from Figure 2.11.  Load 13, not displayed, had a total average volumetric strain that was 
below zero, meaning they grew rather than shrank.  This was because the Matlab 
morphological functions that operated on this set of images removed more pixels from it than 
from other loads.  Figure 2.12 shows this effect, where the bubbles at load 13 are jagged and 
have missing regions compared to those at load 11.  Load 12 also had a combination of these 
problems, so the data from these loads will not be discussed further. 
The volumetric analysis was performed on that bubbles that met the following 
criteria: a volume of over 200,000 voxels and acceptable matched pairs from load 13 to load 
20.  A 200,000 voxel minimum was chosen to reduce the effects of error/variability caused 
by pre-processing.  Even with these conditions, there were still conflicting or non-meaningful 
results.  Bubbles that show negative volumetric strain mean that the bubble grew with 
compression, which only happens if a crack forms and joins it with another bubble.  There 
are several large negative volumetric strains noted at loads 18 and 20.  Another observation is 
of are the bubbles experiencing a sudden jump or drop in strain during only a single loading 
step.  This is an artificial effect of Avizo applying a watershed boundary for one load at the 
location but not for the rest of the loads (or missing it for that load).  This effect happened for 
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several bubbles at loads 12 and 13.  Because of these cracking and watershed effects, the 
centroid of the bubble shifted out of the matching tolerance and resulted in missing bubbles 
at loads 18 and 20.  At these loads, deciding which bubble, if any, should get the newly 
formed volume from cracks that pierced the bubble causes variability between the bubbles in 
question.  Finally, the process of improving the signal-to-noise ratio via Matlab involved 
systematic morphological structuring, including edge-finding, pixel dilation and 
reconstruction; all of which introduced variability in exact pixel boundaries in the foam.  
Because of all of this variability in the pre-processing, the charts should not be considered a 
complete picture of the exact volumetric strain of the complete foam, but a general trend 
from most of the larger bubbles that withheld their shape the best.  If the experiment was to 
be performed again, data with a higher resolution or a better signal-to-noise ratio would 
correct most of these errors. 
 
 
Figure 2.12 Horizontal cross-section from X-ray tomography after passing through 
Matlab pre-processing.  Notice (a) at load 13, the white bubbles are more jagged and have 
missing regions compared to those (b) at load 11.  Further bubble separation occurred by 
using the watershed function later in Avizo. 
 
(b) (a) 
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All the imaging artifacts notwithstanding, the overall trends from Figure 2.11 are still 
obvious.  No discernable volume is noted in any of the bubbles until load 15, which is when 
the first membrane cracking began.  The increased volumetric strain that begins at load 15 
seems to be due to several bubbles being compressed by small amounts (~5%) rather than by 
one bubble with a large strain.  The arrangement of bubbles that experience increased strain 
in Figure 2.11c seems to hint that small fracture cracks have propagated from the upper left 
corner of the section all the way through to the other side via a couple of bubbles.  In Figure 
2.11d, the strain in those previous bubbles grows as the fractured surfaces compress, but the 
cracking also spreads to some of the nearby bubbles.  This trend continues fracturing more 
surrounding bubbles as load increases, until a good majority of bubbles have experienced 
increased strain from fracture.  The lack of matched strains and negative strains are also an 
indication that cracking events are occurring in the area.  Figure 2.13 shows how extensive 
the network of cracks is at load 18.  Most of the bubbles, except for a chunk at the bottom, 
have become connected by a continuous network of cracks. 
Another way of viewing the strain data is by plotting the values measured for each 
individually numbered bubble with a volume of over 200,000 voxels by the increasing 
compressive load, as is done in Figure 2.14.  The plot was made with nearly all the 
information from Appendix B (excluding bubbles with known errors and loads 12 and 13).  
The upwards of 50 bubbles again show no increase in strain until load 15, after which point 
some start to experience large compressive strains while others are relatively unaffected.  The 
highest volumetric strain measured was ~50% (in compression); while in general 10% strain 
was more common at the highest loads.  Negative strain, or the increasing bubble size with 
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load that was noted in a few of the bubbles, is an effect caused by the new volume created by 
cracking being assigned that bubble. 
 
Figure 2.13 Avizo image of the selected 0.4 mm region of the foam at load 18.  The 
image was created after accepting the pre-processed 2D images from Matlab and performing 
a further threshold and label operation, followed by removing all but the bubble with the 
largest volume.  The end result shows that at load 18, a good majority of the bubbles have 
fractured and become connected to each other. 
 
 
Figure 2.14 Compressive Volumetric Strain measured for each individually 
numbered bubble with a volume of over 200,000 voxels and tracked over the increasing 
compressive load.  As can be seen from the scatter of the data, no increase in strain is noted 
in any of the bubbles until load 15, after which point certain bubbles start to experience large 
compressive strains while others are relatively unaffected. 
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Inferential statistics was performed on the volumetric strain results in the form of 
hypothesis testing [30].  The null hypothesis was that there is no difference between average 
volumetric strains at load 4 (the earliest strain data since all the strains are calculated with 
respect to load 3) and the selected load.  The alternative hypothesis is that there is a 
difference, and the difference is positive. 
Ho: 04 =− µµl ;   Ha: 04 >− µµl    (2.2) 
Where lµ and 4µ are the population means of the volumetric strain for the selected 
load and load 4, respectively.  A large two sample z-test was performed because the 
population standard deviation is unknown and there were more than 30 data points in the 
samples (there are nearly 50 bubbles to use as samples).  Very large negative compressive 
volumetric strain values were removed before the calculation because they are obvious errors 
in the calculation (because negative strain is unrealistic bubble growth.)  A standard z-
calculation and z-table were used for each load: 
( )
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=      (2.3) 
, where lx  and 4x  are the sample means, 
2
ls and
2
4s  are the sample variances, and m and n are 
the number of samples; these are all of the volumetric strain for the selected load and load 4, 
respectively. 
For load 5, this calculation yielded a p-value from the z-table of 0.3859, meaning that 
for all reasonable alphas, there is no reason to reject the null hypothesis.  So it is reasonable 
to say that there is no evidence of a difference between the average strains between loads 4 
and 5.  Similar values of p-value were calculated through load 11.  However, load 12 and 13, 
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which were noted before as having problems with their Matlab image processing, rejected the 
null hypothesis.  Load 12 had a slightly higher average than load 4, while load 13 had a lower 
one.  This variance of the average volumetric strain is another reason that data from loads 12 
and 13 was not analyzed any further.  The evidence was sufficient to support loads 15 having 
an increase in the average strain of the bubbles at a significance level of 0.01 (P-value = 
0.139)   The remaining loads 16, 18, and 20 rejected the null hypothesis easily, as expected.  
These average strain results mimic those concluded by visual bubble inspection. 
 
  
   
Figure 2.15 A small cut of the vertical cross-section of a 49% porous BMG foam at 
(a) load 3, (b) load 12, (c) load 13, (d) load 15, and (e) load 16.  The progression of ductile 
bending of the ligaments followed by membrane rupture and propagation to susceptible 
nearby ligaments is showcased. 
 
These conclusions were also confirmed by corresponding visual observations.  Figure 
2.15 is a series of vertical tomography cross-sections which focus on the area in the upper-
left-most corner of Figure 2.11a, which is the first area to show a strain increase in Figure 
2.11c.  It shows the progression of ductile bending of the ligaments followed directly by 
membrane rupture and propagation to nearby cells.  A ductile bending event is captured at 
(a) (b) 
(c) (d) (e) 
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load 12 in a couple of ligaments.  The degree of bending increases until the membranes 
fractured in rapid succession before load 15.  The top section of load 3 happens to be cut-off 
for this region as it was the very top area scanned via tomography.  However, the visible 
parts of the upper ligaments are not showing the same amount of bending as at loads 12 or 
higher (this was confirmed by image overlay).  Looking at the notes from the recorded force 
readings, there was a linear increase in stress with nothing notable going on at loads 12 and 
13.  Small stress drops were recorded at load 15, which is when documented ligament 
fracture is occurring, as seen in Figure 2.15d.  This means that the noted stress drops that 
were not captured by the force/displacement readings are most likely from brittle fracture 
rather than from plastic collapse or elastic buckling. 
This conclusion can help explain the strange shape of the stress vs. strain curve.  For 
the present BMG foam (with 49% porosity), one might expect to see serrations in the stress 
vs. strain graph more like that reported by Veazey for the same material and foaming process 
but a different porosity, as shown in Figure 2.16b.  For the higher porosity (83%) foam, there 
is a linear elastic region followed by yielding and plasticity in the form of minor events, or 
serrations.  These serrations, which for the most part were not captured for the 49% porosity 
BMG foam because of the sampling method and were instead visually noted, are individual 
bubble bursting or cracking in a brittle fashion.  A minor load drop, or serration, had been 
noted around load 5.  In this way, the plateau that occurs in the stress vs. strain graph in 
Figure 2.16a is at least partially caused by an early bubble fracture and collapse in a section 
of the compression sample that was not analyzed in this study.  Another factor for the early 
plateau is that the sample was not completely perpendicular to the loading platens, so 
realignment is seen occurring in the sequence of images in Figure 2.4-2.5 between loads 3 
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and 7.  It could be that the misalignment led to sample bending, in addition to uniaxial 
compression which led to the early fracture. 
The relative Young’s modulus and yield strength were found for the sample.  Based 
on previous testing of Pd-based BMG foams, foam with a porosity of 49% should have a 
relative Young’s modulus of just over 20 GPa, as seen in Figure 2.17b.  When the modulus 
was calculated from the linear region after the initial plateau, a modulus of ~10.8 GPa was 
found.  The nominal yield stress, as seen from the stress vs. strain curve in Figure 2.16a, was 
~300 MPa.  This is approximately what was predicted by Figure 2.17a. 
 
 
Figure 2.16 Stress vs. Strain graphs of a Pd42.5Cu30Ni7.5P20 foam with (a) 49% 
porosity and (b) 83% porosity. Because of sampling methods, the minor events, or serrations 
seen in the 83% foam are still present, but were not captured. (b) Figure from Veazey [2]. 
 
(a) (b) 
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 Figure 2.17 Porosity dependence of (a) yield strength and (b) Young’s modulus for 
the porous bulk glassy Pd42.5Cu30Ni7.5P20 alloys.  Figure from Wada [5] 
 
According to Gibson, true cellular solids have a relative density of less than 0.3 [31].  
Ones with porosities less than 0.3, such as this sample, can be thought of more as solids 
containing isolated pores.  Because of the low porosity, Gibson and Ashby’s classical foam 
mechanics scaling laws [31] are not entirely appropriate for this sample.   
The tomographic data for the bottom section was lost, so later analysis of damage or 
porosity on this region was not possible.  However, radiographs were viewed during the 
experiment and it was noted that there was no damage in the bottom section at load 20.  
Reviewing the results from both the visual image analysis and Avizo volumetric strain data, 
and excluding the reasons for the initial stress plateau, the following approximate scenario 
can be offered about the deformation of the present foam:  The sample experiences uniform 
local deformation until geometric instabilities in the foam cause local cell membrane 
bending.  However, local bending events seem to be relatively rare in foam of 49% porosity.  
The locations where bending occurs are first to fracture, and this fracture then propagates 
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through to other parts of the material.  If there are multiple ligaments experiencing critical 
bending, there could be multiple origins of fracture.  This crack propagation would have 
probably spread to the rest of the gauge section until there was uniform crushing if the 
experiment was allowed to continue to higher stresses, but with the sample unloaded at 12% 
strain, only the upper section of the sample experienced extensive damage.  
Relating these observations back to known metallic glass behavior, there is much 
activity going on in the sample that the high-resolution micro-tomography did not catch.  
This activity was the formation of shear bands, the only mechanism through which metallic 
glasses can exhibit plasticity at temperatures significantly below glass transition.  In a large 
solid sample of BMG, a single unstable shear band propagates through the sample and causes 
brittle fracture without any plasticity.  A foamed sample, however, has been reported to gain 
a more ductile character in its individual ligaments due to shear band stabilization [12].  Thin 
ligaments in foams that undergo a good deal of bending can be thought of being in a confined 
geometry, rather than just simple uniaxial compression.  Studies have found from the 
bending of thin BMG plates that shear band spacing, length and shear offsets scale with plate 
thickness in bending [13,14].  Shallower spacing means each individual band is responsible 
for relaxing the stress from a smaller volume of metallic glass and there is a higher density of 
bands able to form, increasing the overall plastic strain [12].  Figure 2.18 visually shows the 
difference sample thickness can make on shear bands in thin plates of BMG.  In particular, 
they found that shear band stabilization was occurring and modeled the following 
conclusions for plates of less than 1 mm in bending:  
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(1) for a given thickness, the shear band spacing varies linearly with curvature;  
(2) for a given curvature, the shear band offset varies as the square of the thickness; 
(3) the shear band spacing varies linearly with the thickness, and  
(4) failure strain (bend ductility) decreases with increasing thickness [14]. 
 
 Figure 2.18 (a) 0.457 mm-thick sample and a (b) 0.584 mm-thick sample, both bent 
around a 2 mm radius.  The shear band spacing and shear step offset in (a) is smaller than in 
(b).  In (b), a shear band propagated to form a critical crack.  Figure from Conner [13]. 
 
These observations on thin, solid BMG plates help us interpret the deformation of the 
present 49% porosity BMG foam.  Rather than just a single shear band forming when stress 
became high enough, ligaments with small thicknesses likely experienced a build-up of many 
closely spaced shear bands with small offsets.  These shear bands would then allow bending 
to occur up to the point when the failure strain was locally exceeded in the bending ligament, 
forming a critical crack and fracturing the ligament.  Shear bands are also expected to form 
around the thicker edges of the bubbles due to their high local curvature.  Some of the 
resulting shear offsets in these thick areas might be sufficient to initiate a crack that 
propagates through the solid section of the foam.  Observations of the foam verify that 
cracking occurred through both thick and thin solid regions.   
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Even though SEM experiments were not performed on the 49% porosity foam to 
verify the presence of shear bands, Figures 2.19 and 2.20 offer supporting information from 
specimens of similar alloys with greater and lesser porosity, respectively.  Figure 2.19 shows 
the shear banding process in a similar BMG alloy of much lower porosity as well as the inter-
cell cracking in a sample of similar porosity but which was stressed to a much higher level 
[8, 32].  In Figure 2.20, a foam which was created in the same manner and of the same alloy 
as the current one but with a higher porosity of 70% shows both a multitude of shear bands in 
the solid region as well inter-cell cracking [2].   
 
Figure 2.19 SEM micrographs showing pores and the pattern of shear bands and 
cracks formed after the compression of a Pd42.5Cu30Ni7.5P20 (at %) BMG with (a) 3.7% 
porosity, after compression to a strain of 18%.  This image is from Wada [8]; (b) 41% 
porosity that has been reduced to 10% by a compressive strain of 0.6.  Figure is from Wada 
[32]. 
 
(a) (b) 
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Figure 2.20 Scanning electron micrographs (SEM) of a post-deformation closed-cell 
Pd43Ni10Cu27P20 BMG foam sample of 70% porosity with progressively greater 
magnification. (a) 10:1; (b) 20:1; (c) magnified image of the area boxed in (b); (d) magnified 
image of the area boxed in (c). Arrows indicate shear bands. Figures are from Veazey [2]. 
 
Due to the rarity of buckling ligaments in the present sample, the primary 
improvement in ductility was most likely because the bubbles disrupted the propagation of 
the shear bands.  Porosity can deflect, nucleate, branch or even halt shear bands when their 
paths cross, or create local stress fields that remove the driving force for propagation [12].  
Bubbles can act to blunt the already existing cracks, nucleating more shear bands along the 
new much larger crack-tip radii of the bubble surface [12].  The bubbles can also act as stress 
concentrators which force the proliferation of shear bands below the overall failure stress for 
brittle cracking in the solid [8].  The side effects of shear band distribution for this sample are 
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seen in Figure 2.21.  Unstable shear band propagated through a ligament resulted in 
characteristic BMG cracking at ~45˚ angle to the ligament axis.  However, the crack tip 
blunting and multiple shear bands that were most likely formed in the areas of high stress 
concentration allowed the sample to continue to crush with increasing load rather than a 
single crack to propagate through the entire sample in an unstable manner.  These effects 
help explain why BMG foams of widely varying porosities all help enhance plasticity. 
 
 Figure 2.21 A small cut of the vertical cross-section of a 49% porous BMG foam at 
(a) load 12, and (b) load 18.  Characteristic BMG cracking at an angle, caused by unstable 
shear band propagation, is seen in several ligaments. 
 
Overall, the analyzed sample experiences a percolating failure of the foam.  It begins 
with linear-elastic deformation till load 3, at which point an unusual stress plateau occurs 
because of sample realignment and bending forces until load 7.  Fracture occurs in an area 
out of the field of view during this time.  Once the sample has realigned at load 7 and is once 
again only experiencing compression forces, another globally linear deformation region is 
experienced.  Local geometric bending in ligaments is occurring during this time, with 
multiple shear bands building up and allowing the ligament to bend in a ductile fashion.  
Before load 15, one ligament locally exceeds the failure strain and the shear bands create a 
crack and fracture the membrane.  However, the crack tip has been blunted when the crack 
(a) (b) 
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enters into the next bubble, and shear bands form all along its perimeter in the new areas of 
stress concentration.  As loading continues, one of the shear bands forms a critical crack in 
the adjoining membrane and fractures at least 2 more adjoining membranes before stabilizing 
when the loading is halted for the X-ray CT measurements at load 15.  Formation of cracks 
and compaction of bubbles allows the energy of the system to be temporarily relieved and 
redirected to different parts of the foam.  This process continues in any direction where stress 
concentrations cause shear bands to form, causing much of the interior of the BMG foam in 
the upper section to eventually become connected by a network of cracks.  
In this way, moderate porosity BMG foams gain compressive plasticity from the 
effects of mostly shear band disruption and stabilization.  This conclusion is based on visual 
qualification analysis with some quantification from volumetric strain data, as well as 
comparison to other studies.  To better understand the initiation evolution of the damage, and 
if the known pressure sensitivity of a solid sample of BMG is still present in a foamed BMG, 
a finite element study was initiated. 
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CHAPTER 3. MODELING 
3.1 PRESSURE SENSITIVITY BACKGROUND 
Inelastic deformation of metallic glasses at temperatures well below glass transition is 
accomplished by local shearing of clusters of atoms, strain-softening and the formation of 
shear bands.  Because of this, they do not obey the classical metal pressure-insensitive 
models, but are known to show modest pressure-sensitivity in plastic flow [33].  Pressure 
sensitivity means that yield stress in shear increases with hydrostatic compression or that it 
has a significant dependence on pressure or mean-stress.  This can result in large difference 
between tensile and compressive yield strengths, as shown in Figure 3.1a [34].  This effect is 
more common in glassy polymers, cast iron and soils.  The yield behavior of BMG is 
typically modeled as a pressure sensitive material, the simplest of which is Mohr-Coulomb or 
Drucker-Prager yield criteria [35] 
 
Figure 3.1 (a) Simulation data for the biaxial yield surface of an amorphous material, 
Cu-Zr in black, and a glassy polymer in white circles.  Figure from Lund [34]. (b) Schematic 
of the yield surface and flow potential in the me σσ −  , or the mean stress, effective stress 
space.  When the functions are parallel, the associated flow rule, ψφ = , applies. When 0=φ , 
the yield surface no longer is a function of mean pressure, so there is no pressure sensitivity. 
Figure from Antoniou et al. [35] 
(b) (a) 
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Bulk metallic glasses have a damage mechanism that requires complex constitutive 
models.  Simulations have been done which say BMGs are best modeled with a pressure, 
void sensitive, and rate dependant model [36], while others have  simply used the Mohr-
Coulomb criterion [35].  The Mohr-Coulomb yield criterion has been widely used for soil 
and geo-mechanical models to determine the stress required for the flow of a granular 
material.  The degree of pressure sensitivity of the yield surface is determined by the friction 
angle,φ , as shown in Figure 3.1b.  This means when φ =0˚, the material is pressure 
insensitive and the yielding is determined by the Tresca yield criterion.  The dilatancy angle, 
ψ, is the measure of deviation from the normality rule.  Metallic glass is assumed to follow 
the associative flow rule, which means that both the yield surface and the flow potential 
surface are parallel, so ψ=φ .  Assuming no hardening, yielding occurs when a critical 
combination of shear and normal stress is reached such that: 
0cossinmax ≤−+ φφστ km    (3.1) 
The sheer yield strength for a Tresca material is Tyk σ5.0= , while the cohesion strength used 
in the Mohr-Coulomb equation can be approximated by the equation: 
1 sin
2 cos
T
yk
φ
σ
φ
+
=     (3.2) 
where, Tyσ  is the tensile strength of the metallic glass and k is the cohesion strength [35]. 
Past studies have found that most BMG alloys have a friction angle of around 7.4˚ 
[34,35]. 
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3.2 PRESSURE SENSITIVITY STUDY 
Two-dimensional plane strain models created from tomography cross-sections of the 
sample at near-zero stress were studied using the ABAQUS/CAE finite element package 
[37].  The point of the analysis was to determine if the known pressure sensitivity of solid 
metallic glass has a noticeable effect on a foamed metallic glass.  In particular, the role of 
friction and dilation angles from the Mohr-Coulomb model were investigated on the 
initiation of local deformation events in the foam.  Two different methods were employed to 
achieve a 2D mesh.  The first involved using a program called OOF2.  OOF2 is a free finite 
element creation and analysis program developed at NIST [38].  It can take a digital 2D 
image (e.g., of a microstructure) and create a finite element mesh based on pixel assignment.  
It can then assign material properties to the mesh elements and run a 2D finite element 
analysis.  The program is still under active development and can currently only model elastic 
finite element deformation.  Therefore, the finished mesh was imported into ABAQUS for 
analysis via a pressure-sensitive constitutive model.  The sample was assumed to only have a 
gauge section as large as the field of view of the upper section captured by tomography.  This 
yielded a 2D model with a height and width of 1.1536 and 1.148mm, respectively. 
However, the OOF2 mesh-generation algorithm does not yet create smooth material 
boundary edges, and will instead try to create a mesh to perfectly match the artificial pixel 
boundaries of the image.  Because of the resolution available in the image and the need to 
have several elements across the width of even the thinnest ligaments, this created jaggedness 
issues with the final mesh that were deemed unacceptable because of the artificial stress 
concentrations they created.  Figure 3.2 shows what the mesh looked like when modeled in 
OOF2. 
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Figure 3.2. 2D cross-section of the BMG foam sample taken from tomography image 
of near zero load and converted to a mesh in (a) OOF2, and (b) manually drawn in 
ABAQUS.  Notice the jagged boundaries in the close-up images created by following the 
artificial pixilated boundaries in OOF2, compared to the manual approximation. 
 
Once it became clear that the OOF2 mesh would create too much artificial jaggedness 
and stress concentrations at the bubble boundaries, another method of generating a close 
approximation of the cross-section was implemented.  An image of the cross-section was 
saved to the screen and outlines of the bubbles were hand-drawn in ABAQUS to match.  
Smooth arcs were used via the “Thru 3 points” tool to model the bubbles and foam edges as 
close as possible.  Only one very small bubble was left out of the drawing, as it was found to 
(a) (b) 
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have such a small area and thin ligaments that it would deform much before the rest of the 
foam and cause convergence problems in ABAQUS.   
The sample was modeled with a displacement-controlled, analytically-rigid top platen 
with frictionless contact to the top of the foam.  The bottom of the foam was given boundary 
conditions defined by XASYMM, where U2=U3=UR1=0, and a node in the bottom-center of 
the foam was given ESCASTRE, where it was constrained in all directions.  In this way, the 
foam was allowed to expand in the X-direction out from a fixed middle point.  The mesh was 
created using plane strain CPE3R elements with the quad-dominated advancing-front 
algorithm with mapped meshing where appropriate.  The details about the ABAQUS terms 
mentioned here can be found in the ABAQUS/CAE user’s manual.  Global stress and strain 
values were calculated from the force and displacement of the center point of the rigid top 
platen. 
The material properties (of the solid sections of the foam) were given as those of a 
solid Pd-based metallic glass.  For elasticity, Young’s modulus was 102 GPa [5] and 
Poisson’s ratio was 0.3925 [39].  When plasticity was modeled also, a yield strength of 1700 
MPa [5] was used (for 0 plastic strain), and no hardening was assumed.  When Mohr-
Coulomb was modeled, associative flow was assumed.   A range of friction angles were 
tested, from 0 (no pressure sensitivity) to 15˚, which included the confirmed solid BMG 
pressure sensitivity range [35].  The cohesion yield stress was calculated based on the yield 
stress using Equation (3.2), with no hardening assumed. 
Simulations were also run for a 100% dense sample of the same exterior dimensions 
and configuration.  Initial trials were run with elasticity only to verify that the modeled plane 
strain mesh gave similar Young’s modulus and yield stress results to that expected for the 
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real solid.  The solid model was also run with plasticity and varying pressure sensitivity 
levels with Mohr-Coulomb for comparison with the foam model.   
The simulations were at first run without nonlinear modeling effects, as including 
them caused convergence problems so that the finite element calculation would not run all 
the way to the requested displacement (which was set to produce either 4% or 12% total 
strain).  However, it became clear that the thin ligament bending effects which are a vital part 
of metallic glass foam deformation were not modeled unless nonlinear effects were included.  
Because of this, Nlgeom and stabilization (whose descriptions can be found in the 
ABAQUS/CAE User’s Manual) were selected to account for nonlinear effects.  Macroscopic 
strains up to 0.6% are attained, due to excessive local deformation within thin cell ligaments. 
For this reason, the results presented in the next section should be treated as approximate and 
offering trends, not exact or quantitative results. 
 
3.3 RESULTS AND DISCUSSION 
In the program OOF2, the porosity of the material was determined from the vertical 
cross-section that was analyzed.  This was estimated by the pixels that were counted as foam 
and those that were counted as enclosed air.  For the cross-section chosen for analysis, there 
were 310,174 pixels of bubbles and 365,264 pixels of solid bulk metallic glass.  Therefore 
the sample at this cross-section appeared to be 54% dense.  The cross-section used in the 
finite element modeling was only slightly denser than that found for the entire foam, ~51% 
relative density.   
The first trend to note is the effect of increasing pressure sensitivity on a 2D solid 
BMG modeled with the Mohr-Coulomb yield criterion.  As Figure 3.3 shows, increasing 
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friction angle does not affect the initial-elastic region, but causes the yield strength and 
elastic strain limit to increase.  An elastic perfectly-plastic model yielded results just above a 
Mohr-Coulomb model with a friction angle of 7.4 degrees.  This happens to be the value of 
pressure sensitivity normally experienced by this BMG. 
Simulated Solid Compressive Stress vs. Strain
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 Figure 3.3 ABAQUS simulated 2D solid BMG models ran with a friction angle 
varying from 0-15 degrees, along with elastic-perfect plasticity, both with no hardening 
assumed.  Yield stress increases as a function of friction angle. 
 
The next trend is the effect of increasing pressure sensitivity on a 2D BMG foam 
cross-section that was hand-drawn in ABAQUS whose solid portions were modeled with the 
Mohr-Coulomb yield criterion.  Because the ABAQUS models experienced convergence 
issues due to excessive local strain with thin ligament sections (upward of 50% local strain), 
a compressive global strain of about 0.65-0.8% were obtainable.  As Figure 3.4 shows, 
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increasing friction angle still does not affect the initial-elastic region and causes the yield 
strength and elastic strain limit to increase, but to a lesser extent than those of the solid BMG. 
Ratios were calculated to measure the affect pressure sensitivity has on the modeled solid, 
compared to the foam.  Comparing the difference in global stress at a constant global strain 
between friction angles of 0˚ (no sensitivity) and 15˚, the difference (of pressure sensitivity) 
on the solid was ~20%, while that on the foam was only ~7%.  This ratio was taken after 
around 2% strain in the solid and 0.65% strain in the foam.  These results show that globally, 
the modeled foam was less pressure sensitive than the solid. 
The global effect of pressure sensitivity on yield values in foams compared to solid 
BMGs is lessened. Such trend may arise from the lack of geometric constraints and local 
pressure build up, experienced in cellular solids.  The stress values of both thick and thin 
ligament cross-sections were examined at the same strain under varying friction angles to 
investigate this hypothesis.  Figure 3.5 shows a series of images created from the 2D BMG 
foam cross-section with Mohr-Coulomb yield criterion (and modeled with nonlinear effects) 
that examine a thicker section of the sample.  They display the stress component, S22, 
parallel to loading axis at a macroscopic total strain of 0.645%.  The trend observed here is 
that there are no large, if any, differences in the solid portion of the sample by changing the 
pressure sensitivity.  The most likely reason being that at 0.645% global strain, the thick solid 
portions of the foam are still within the elastic deformation range, which is not affected by 
pressure sensitivity. 
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Simulated Foam Compressive Stress vs. Strain
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 Figure 3.4 ABAQUS simulated 2D foam cross-section BMG modeled with a Mohr-
Coulomb yield criterion and a friction angle varying from 0-15 degrees, along with elastic-
perfect plasticity.  (b) A close-up view of where plasticity is initiated.  Yield stress increases 
slightly as a function of friction angle. 
(b) 
(a) 
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Figure 3.5 Simulation of a 2D cross-section with Mohr-Coulomb yield criterion (model with 
nonlinear effects) showing S22 stress (vertical stress measured in MPa) taken at 0.645% 
global strain with a friction angle of (a) 0, (b) 7.4, and (c) 15 degrees.  There are no 
observable differences in the solid portions of the sample due to changes in the pressure 
sensitivity. 
 
 
(a) 
(c) 
(b) 
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Figure 3.6 Simulation of a 2D cross-section with Mohr-Coulomb yield criterion 
(model with nonlinear effects) showing LE22 (vertical logarithmic strain) taken at 140 MPa 
global stress with a friction angle of (a) 0 and (b) 15 degrees.  Increasing pressure sensitivity 
stabilizes thin ligaments from bending effects. 
 
The strain and stress distributions in thin ligament cross-sections were examined next, 
as shown in Figure 3.6 and 3.7, which exhibits a series of images created from the 2D BMG 
foam cross-section with the Mohr-Coulomb yield criterion (and modeled with nonlinear 
effects.)  Figure 3.6 displays the results of the simulation of a 2D foam cross-section with 
Mohr-Coulomb yield criterion (model with nonlinear effects) showing the component of total 
strain (LE22, logarithmic strain) parallel to the loading axis, at a macroscopic applied 
traction of 140 MPa.  Increasing pressure sensitivity appears to delay plastic hinge formation 
and stabilize thin ligaments from bending effects.  Figure 3.7 displays the S22, or vertical 
stress and were all captured at 0.645% global strain.  In these ligaments, there is a noticeable 
(a) (b) 
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trend in stress distributions due to increases in pressure sensitivity.  The S22 stresses and the 
degree of buckling in thin ligaments are affected by the pressure sensitivity.  The ligaments 
are less prone to buckling, as already noted, with increased pressure sensitivity.  When there 
is no pressure sensitivity (or friction angle is 0˚), the thin ligaments experience approximately 
equal tensile compressive stresses.  However, as the friction angle increases, the tensile 
stresses decrease drastically while the compressive stresses increase.  Because BMGs are 
known to experience greater degrees of plasticity with confined compressive stresses 
compared to tensile stresses, this effect would help in the creation of shear bands and 
ductility in the ligament.  The linearly-modeled ligament (with a friction angle of 0 degrees) 
was also included to show the influence of nonlinear effects on the deformation of thin 
ligaments in ABAQUS, and therefore, on the deformation of the entire foam.  If this foam 
had no pressure sensitivity, a nonlinear foam model shows that geometric bending effects 
would occur at a few localized ligaments, and damage would perhaps occur in a narrow 
collapse band, as found in high porosity BMG foams [1,2].  However, if it has higher 
pressure sensitivity, the bending effects are stabilized in the thin ligaments, causing more of 
the foam to experience damage.  Looking back at the visual results of the experiment, it was 
found that damage in the sample occurred in a wide-area spread rather than in a thin region.  
This implies that with the modeling parameters used, the BMG foam would most likely have 
pressure sensitivity on the higher end of the tested range. 
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 Figure 3.7 Simulation of a 2D cross-section with Mohr-Coulomb yield criterion (modeled 
with nonlinear effects) showing S22 stress (vertical stress measured in MPa)  taken at 
0.645% global strain with a friction angle of (a) 0, (b) 7.4, and (c) 15 degrees.  (d) The same 
ligament modeled without nonlinear effects for an angle of 0 degrees. 
 
In conclusion, finite element modeling was performed on an approximation of a real 
vertical 2D microstructure taken from the X-ray CT images of the foam, as well as an 
equivalently sized solid-rectangular BMG model.  The foam was found to globally have less 
pressure sensitivity than a solid, plane-strain model, with locations of stress concentration 
being affected first.  Pressure sensitivity delays/inhibits plastic hinge formations at the nodal 
points, and therefore stabilizes local geometric bending effects. Further finite element studies 
on models of increasing porosities would possibly show the exact relationship between foam 
density and pressure sensitivity. 
(a) (b) (c) (d) 
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CHAPTER 4. CONCLUSIONS 
 The deformation mechanisms of bulk metallic glass (BMG) foam with 49% porosity 
were in-situ investigated under compressive loading by using X-ray computed tomography 
(CT). The collected CT images were digitally enhanced and the volumetric strain of the foam 
cells was calculated.  The sample exhibited almost uniform deformation within most of the 
initial linear response on the load displacement curve. The onset of macroscopic nonlinearity 
was found to commence with local geometric instabilities in the foam, arising possibly from 
local buckling of thin ligaments, and/or local shear bands within the cell ligaments that 
substantiate to cracks. Most of the fracture trajectories were at about 45
o
 from the local cell 
ligament axis. The resulting failure pattern was quite spread within the gauge section.  
Contrary to other reports [1, 2] that suggest plastic buckling within a single crushing band, 
the majority of the strain that the present sample experiences is from percolating and diffuse 
brittle crushing.  It is believed that local geometric bending occurs in thin ligaments of 
metallic glass foams due to shear band stabilization.  Reports of highly porous samples show 
a more ductile behavior in individual ligaments because of multiple shear band formation, 
but commonly fails along a relatively narrow (crushing) band.  In moderate porosity foams, 
this ductility of thin ligaments was rarely observed to occur locally, but before a single 
crushing band can form, shear bands within highly stressed solid regions propagate until 
fracture with a similar behavior of a solid sample with very little porosity.  However, once 
the crack encounters another bubble while propagating, it is arrested and loses its driving 
forces..  Overall, there is a percolating failure of the foam due to initial shear-band induced 
bending a few ligaments followed by local membrane bursting and cracking into highly 
stressed nearby solid portions.  By considering this failure mechanism, metallic glass foams 
  
53 
with moderate porosity contain deformation characteristics of a solid BMG’s brittle failure 
and the plasticity of BMG foams/thin plates with high porosity. 
 The deformation behavior of the present foam was also investigated with a finite 
element Mohr-Coulomb model in ABAQUS.  The 2D cross-section of the model shows that 
the foams exhibit less overall pressure sensitivity compared to a solid sample.  No significant 
effect of pressure sensitivity was observed within the solid portions of the material while thin 
ligaments showed sensitivity to applied stress and less sensitivity to buckling effects at 
higher friction angle.  These trends imply that damage in moderate porosity BMG foam with 
a higher pressure sensitivity is less localized, which is what was visually seen from the CT-
images of the tested foam.   
Additional numerical analyses are needed to better understand the initiation and 
evolution of damage in these foams. A complete 3-D model may shed additional insight on 
the competition between the geometric constraints of these cellular structures and their 
intrinsic material-pressure sensitivity. Additional care is needed in generating the geometric 
model to allow attainment of large macroscopic strains, in the range of 4% to fully study the 
yielding curve.   
 The current investigation opens unique opportunities to study the constitutive 
behavior of BMGs and can be used to design more ductile BMGs. The potential future 
applications for BMG are very promising, especially if it can be given additional plasticity.  
The Defense Advanced Research Projects Agency (DARPA) has looked into BMG for 
corrosion-resistant, reduced-magnetic-mass hull materials, applications in aircraft and rocket 
propulsion systems, and wear resistant machinery components.  Products made of BMGs 
have already been brought to market, including gold club heads, electronics casings, medical 
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scalpel blades, and more [3]. Use of foamed metallic glass would most likely take over some 
of the applications of current foamed materials.  NASA has even performed experiments on 
the use of BMG foam as a strong but lightweight structural material for space applications 
[2].   
 If the experiment was to be run again, getting either higher resolution data or a better 
signal-to-noise ratio from the synchrotron source would drastically improve the Avizo 
volumetric strain statistics and bubble tracking.  However, in practicality the current possible 
improvements are rather small, and a more successful approach would be to use more 
advanced image recognition software to recognize and recreate thin cell wall boundaries and 
to separate the data from the noise.  And finally, the image analysis tools developed in the 
present study could be very valuable in the study of different BMG foams (especially to 
better quantify the effect of porosity) as well as foams made of other metallic alloys. 
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APPENDIX A. MATLAB SCRIPT 
  
load='003_001to100_'; %update load number 
ext='.bmp'; 
newext='.tif'; 
filen=['p15_' load]; 
n=100-1; %number of images; 
for i=0:n 
    nnnn = '0000'; 
    ii = num2str(i); 
    nnnn(5-length(ii):4) = ii; 
    I = imread([filen nnnn ext]); % in Matlab 
    I = imcrop(I,[0 0 1012 1012]); 
    I = imadjust(I); 
  
    %create outer mask 
    M=I>130; 
    M=imfill(M,'holes'); 
    se = strel('disk',5); %4 1st parameter 
    M_opened = imopen(M,se); 
    se = strel('disk',75); %50 1st parameter 
    M_openedclosed = imclose(M_opened,se); 
    se = strel('disk',110,0);  %110 
    Moco=imopen(M_openedclosed,se); 
    Outside=~Moco; 
    %end outer mask 
    %figure, imshow(Outside,[]), title('Outside, 16_0099'); 
    %     imm=(double(I)+1); %gets rid of outside noise 
    % 
    for i=1:size(Outside,1); 
        for j=1:size(Outside,2); 
            if Outside(i,j)==1; 
                imm(i,j)=imm(i,j).*0; 
            elseif Outside(i,j)==0; 
                imm(i,j)=imm(i,j).*1; 
            end; 
        end; 
    end 
    % 
    imm1=256-imm; 
    %makes the bubbles the highest intensity, the foam middle,and the 
outside 0 
    for i=1:size(imm1,1); 
        for j=1:size(imm1,2); 
            if imm1(i,j)==256; 
                imm1(i,j)=0; 
            end; 
        end; 
    end 
    % 
    % %figure, imshow(imm1,[]), title('imm1'); 
    BW = edge(imm1,'canny', .4); %or .3 for more agressive/more lines 
    %sed = strel('diamond',1); 
    %BW = imdilate(BW,sed); 
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    Ic = imm1-200*BW; 
    % 
    for i=1:size(BW,1); 
        for j=1:size(BW,2); 
            if BW(i,j)==1; 
                Ic(i,j)=Ic(i,j).*0; 
            elseif BW(i,j)==0; 
                Ic(i,j)=Ic(i,j).*1; 
            end; 
        end; 
    end 
    % 
    se = strel('disk', 3); 
    Ie = imerode(Ic, se); 
    Iobr = imreconstruct(Ie, Ic); 
    %figure, imshow(Iobr,[]), title('Opening-by-reconstruction (Iobr)') 
  
    %se = strel('disk', 3); 
    Iobrd = imdilate(Iobr, se); 
    Iobrcbr = imreconstruct(imcomplement(Iobrd), imcomplement(Iobr)); 
    Iobrcbr = imcomplement(Iobrcbr); 
    %figure, imshow(Iobrcbr,[]), title('Opening-closing by reconstruction 
(Iobrcbr)') 
  
    Thresf=Iobrcbr>115; %3rd change from 140 %higher = more cut out %160 
1st run parameter 
    %figure, imshow(Thresf,[]), title('Thresf160'); 
    % 
    se = strel('disk',2); 
    Thresf = imopen(Thresf,se); %cleans the image and separates a few 
boundaries 
    %figure, imshow(Thresf,[]), title('Thresf160, opened2'); 
    Z=~Thresf; 
    for i=1:size(Outside,1); 
        for j=1:size(Outside,2); 
            if Outside(i,j)==1; 
                Z(i,j)=Z(i,j).*0; 
            elseif Outside(i,j)==0; 
                Z(i,j)=Z(i,j).*1; 
            end; 
        end; 
    end 
    %figure, imshow(Z,[]), title('Thresf160, opened2, converted to foam'); 
    imwrite(Thresf,['bubbletif\' filen nnnn '.tif']); %Matlab 
    imwrite(Z,['foamtif\' filen nnnn '.tif']); %Matlab 
    imwrite(Moco,['mask\' filen nnnn '.tif']); %Matlab 
end 
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